Plant Phase Transitions Make a SPLash  by Fornara, Fabio & Coupland, George
used as an antibiotic against eukaryotic 
parasites in animals and inhibits carti-
lage degradation during bone develop-
ment (Peters et al., 2002). Given that it is 
a highly selective potassium ionophore, 
salinomycin may interfere with the func-
tion of potassium channels in cancer stem 
cells. It has been shown that tumor cells 
express elevated levels of various types 
of K+ channels. Their overexpression 
enhances proliferation, and drugs acting 
as channel blockers inhibit cell prolifera-
tion (Le Guennec et al., 2007; Zhang et 
al., 2009). Perhaps more importantly, 
certain K+ channels regulate migration. In 
a similar vein, certain G protein-coupled 
K+ channels are overexpressed in breast 
cancer lymph node metastases (Zhang 
et al., 2009). Given the importance of the 
cell polarity machinery to cell migration 
(Etienne-Manneville, 2008), it is tempting 
to speculate that K+ channels targeted 
by salinomycin have a critical function in 
epithelial polarity and metastasis, which 
can be deregulated by salinomycin.
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During post-embryonic development, plants undergo a series of phase transitions, from juvenile to 
adult and from the vegetative to the reproductive phase. Recent findings reported in Cell (Wang et 
al., 2009; Wu et al., 2009) and Developmental Cell (Yamaguchi et al., 2009) reveal how microRNAs 
and their transcription factor targets coordinate these phase transitions.In plants, the juvenile and adult phases 
of vegetative development can be dis-
tinguished by leaf morphology, and the 
reproductive phase of development can 
be distinguished by the production of 
flowers. SQUAMOSA PROMOTER BIND-
ING-LIKE (SPL) transcription factors are 
regulated by the microRNA miR-156 and 
influence the transitions between these 
developmental phases (Schwab et al., 
2005; Wu and Poethig, 2006). Intricate 
models have been proposed to explain 
the regulation of the developmental 
transitions between these phases, par-
ticularly between the adult vegetative 
and reproductive phases (Baurle and 
Dean, 2006). However, SPL transcription 
factors are often excluded from these 
models because their extreme genetic 
redundancy and the complexity of their regulation by microRNAs have made it 
difficult to pinpoint their exact functions 
in development. Wang et al. (2009) and 
Wu et al. (2009), reporting in this issue 
of Cell, and Yamaguchi et al. (2009), 
reporting in a recent issue of Develop-
mental Cell, now use a variety of elegant 
approaches to demonstrate precise 
functions for SPL transcription factors 
and their regulation by microRNAs at dif-
ferent stages of plant development.
The involvement of SPL transcription 
factors in the vegetative phase transition 
first became clear by studying miR-156, 
a microRNA whose overexpression pro-
longs the juvenile phase in both maize 
and the model plant Arabidopsis thali-
ana (Wu and Poethig, 2006; Chuck et al., 
2007). The miR-156 microRNA represses 
the activity of 10 of the 16 SPL transcrip-Cell 13tion factors in Arabidopsis, suggesting 
that some or all of these proteins pro-
mote the transition from the juvenile to 
the adult phase. In both Arabidopsis and 
maize, miR-156 expression decreases as 
the plant ages. Therefore, miR-156 likely 
acts during the juvenile phase to repress 
SPL transcription factors and delay the 
transition to the adult phase; increasing 
the abundance of SPL transcription fac-
tors shortens the juvenile phase and pro-
motes flowering (Wu and Poethig, 2006). 
Strikingly, the microRNA miR-172 shows 
a complementary pattern of expression, 
that is, low during the juvenile phase and 
high during the adult phase. In Arabidop-
sis, miR-172 represses expression of six 
members of the APETALA2 (AP2)-like 
family of transcription factors. Two of 
these transcription factors—TARGET OF 8, August 21, 2009 ©2009 Elsevier Inc. 625
figure 1. sPL Activity in Plant Development
During the juvenile phase of development in the model plant Arabidopsis thaliana, high levels of the microRNA miR-156 reduce the abundance of SQUAMOSA 
PROMOTER BINDING-LIKE (SPL) transcription factors at the plant apex. As the plant ages, miR-156 levels decrease, allowing SPL transcription factors to be 
expressed. These transcription factors activate genes that promote the formation of both the inflorescence (the region of the shoot where flowers arise) and the 
flowers from undifferentiated tissue (meristem), thereby directing the vegetative to reproductive phase transition. These genes include FRUITFUL (FUL), SUP-
PRESSOR OF OVEREXPRESSION OF CONSTANS 1 (SOC1), LEAFY (LFY), AGAMOUS-LIKE 42 (AGL42), and APETALA1 (AP1). Crosstalk between miR-156 
and miR-172 at the plant apex and in the leaf vasculature is mediated by SPL9 and SPL10. In the leaf, feedback loops between the microRNAs and their target 
genes modulate the expression of FLOWERING LOCUS T (FT), a regulator of the flowering process, and the transition to the adult phase through regulation of 
APETALA2 (AP2)-like transcription factors such as SCHLAFMÜTZE (SMZ).EAT 1 (TOE1) and TOE2—repress adult 
characteristics in the leaf epidermis. 
Therefore, the increase in miR-172 levels 
later during plant development facilitates 
the transition to the adult phase. The 
observation in maize that overexpression 
of miR-156 delays the increase in miR-172 
expression suggested that the comple-
mentary temporal expression patterns of 
miR-172 and miR-156 are related (Chuck 
et al., 2007). Wu et al. now demonstrate 
a mechanistic relationship between 
miR-156 and miR-172 in Arabidopsis. 
They show that SPL9 and SPL10 activate 
the transcription of a gene encoding a 
miR-172 precursor and that SPL9 binds 
directly to the promoter of this precursor 
gene. Interestingly, the authors find that 
SPL9 and SPL10 activate the transcrip-
tion of a precursor of miR-156, thereby 626 Cell 138, August 21, 2009 ©2009 Elsevieforming a negative feedback loop that 
modulates their own expression (Figure 
1). Therefore, SPL9 and SPL10 appear 
to mediate the transition from high lev-
els of miR-156 to high levels of miR-172 
by directly activating the expression of 
miR-172 and thus promoting the juvenile 
to adult phase transition.
Building on an additional role described 
for SPL transcription factors during flow-
ering in Arabidopsis (Cardon et al., 1999), 
Wang et al. examined this function of 
SPL proteins in plants grown under short 
day conditions, where flowering occurs 
after a long vegetative period. They find 
that the abundance of SPL9 and SPL3 
mRNAs increases gradually as the plant 
grows because of the age-dependent 
reduction in miR-156 (Wu and Poethig, 
2006). However, moving plants from r Inc.short to long days promoted flowering 
and caused SPL9 and SPL3 mRNA levels 
to increase rapidly, although the level of 
miR-156 remained unchanged. Therefore, 
the repression of SPL transcription fac-
tors by miR-156 can be rapidly overcome 
by the photoperiodic flowering pathway, 
which is activated by growth under long 
days. Surprisingly, Wang and colleagues 
find that SPL transcription factors con-
tribute to flowering in temporally and spa-
tially different ways (Figure 1). In the leaf, 
SPL transcription factors activate flower-
ing when expressed in the phloem com-
panion cells. There, they act upstream of 
FLOWERING LOCUS T (FT), an activator 
of the flowering process whose expres-
sion is induced by the photoperiod path-
way during long days. Mutations in FT 
suppress the early flowering caused by 
the expression of SPL3 in the phloem 
companion cells. This effect of FT muta-
tions may be explained by the finding of 
Wu et al. that SPL transcription factors 
activate the expression of miR-172. Sev-
eral of the six AP2-like transcription factor 
genes targeted by miR-172 are repres-
sors of FT transcription (Mathieu et al., 
2009). Thus, increasing the expression 
of SPL transcription factors may reduce 
the abundance of AP2-like proteins in the 
leaf, thereby increasing FT expression 
and promoting early flowering. Wang and 
colleagues show that, in the shoot apical 
meristem where flowers develop, SPL3 
and SPL9 make a second contribution to 
the regulation of flowering. The authors 
observe that there is an increase in SPL3 
and SPL9 mRNAs at the meristem dur-
ing flowering. Overexpression of miR-156 
reduces transcripts of both SPL tran-
scription factors and delays activation 
of FRUITFUL (FUL) and SUPPRESSOR 
OF OVEREXPRESSION OF CONSTANS 
1 (SOC1), genes that encode MADS box 
transcription factors that are expressed 
in the meristem during the early stages 
of the floral transition. Two findings by 
Wang et al. suggest a direct interac-
tion between SPL transcription factors 
and these genes. First, transcription of 
the FUL gene is rapidly activated by an 
inducible version of the SPL9 protein 
expressed from the endogenous SPL9 
promoter. Second, chromatin immuno-
precipitation experiments demonstrate 
that SPL3 binds directly to the FUL pro-
moter, whereas SPL9 binds to the pro-
moters of SOC1 and its close homolog 
AGAMOUS-LIKE 42 (AGL42). 
Yamaguchi et al. also examined the 
role of SPL3 at the meristem during the 
floral transition. They find that in addition 
to binding to FUL, SPL3 also associates with the promoters of LEAFY (LFY ) and 
APETALA1 (AP1), genes that encode 
transcription factors involved in confer-
ring floral identity during flower develop-
ment. The authors also provide evidence 
that SPL4 and SPL5 have redundant 
roles with SPL3 during the flowering pro-
cess.
Wang et al., Wu et al., and Yamagu-
chi et al. have now uncovered specific 
and diverse roles for SPL transcription 
factors during developmental phase 
changes in Arabidopsis. Together with 
other recent work showing how the 
disruption of transcription factor redun-
dancy can help to identify additional sets 
of regulators of the floral transition (For-
nara et al., 2009; Mathieu et al., 2009), 
these studies set an agenda for future 
analyses of SPL transcription factors 
and plant phase changes. The demon-
stration that SPL transcription factors 
activate both miR-156 and miR-172 is 
elegant. However, it remains unclear 
how the balance of these microRNA 
activities changes as the plant ages so 
that the level of miR-156 progressively 
decreases to eventually allow the transi-
tion from juvenile to adult. SPL transcrip-
tion factors, modulated by miR-156, also 
appear to directly activate many of the 
key genes in the flowering process in 
the meristem during the early stages of 
the floral transition. Although they have 
many functions at the meristem, the SPL 
transcription factors characterized so far 
do not seem to be key regulators that 
initiate the switch to flowering. Indeed, 
SPL3 is expressed during growth under 
short day conditions before the plant 
undergoes the transition to flowering, 
and SPL9 expression is only detected at 
the meristem several days after flowering 
begins. Perhaps it is more apt to refer to Cell 13SPL transcription factors as facilitators 
of the flowering process. Nonetheless, 
the roles of miR-172, miR-156, and the 
SPL transcription factors are likely to 
be widely conserved in flowering plants 
(Chuck et al., 2007). Many other plant 
species exhibit a juvenile phase during 
which the transition to flowering will not 
occur even if the plants are exposed to 
appropriate environmental conditions. 
The facilitator role of the SPL transcrip-
tion factors in the floral transition and 
their progressive activation as the plant 
ages suggests that the repression of 
these proteins may be a key aspect of 
maintaining the juvenile phase.
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